Temperature-responsive properties of surface-attached poly(N-isopropylacrylamide) (PNIPAM) network films with well-controlled chemistry are investigated. The synthesis consists in crosslinking and grafting preformed ene-reactive polymer chains through thiol-ene click chemistry. The formation of surface-attached and crosslinked polymer films has the advantage of being well-controlled without any caution of no-oxygen atmosphere or addition of initiators.
INTRODUCTION
Research interest in hydrophilic polymer coatings is due to their wide range of applications for materials, biology or medicine fields. For example, wetting, permeability as well as adhesive, adsorptive properties can be controlled and improved with appropriate polymers and especially stimuli-responsive polymers. [1] [2] [3] Polymer brushes and self-assembled layers (such as layer-bylayer assemblies) are so far polymer coatings most investigated in this area. [4] [5] [6] [7] [8] [9] Despite wide and significant properties demonstrated in the past decades, these coatings have some inconvenience.
The thickness of polymer brushes ruled by the polymer chain length is restricted to nanometer scale. The formation of layer-by-layer assemblies requires many cyclic steps (each layer is nanometer-thick) and so, high thickness could be the limitation. Moreover, if stimuli-responsive properties with high volume change are aimed, layer-by-layer assemblies are not the most suitable coatings.
Surface-attached hydrogel films are a promising alternative to polymer brushes and layer-bylayer assemblies as stable responsive polymer coatings. [10] [11] A priori, the thickness of surfaceattached polymer network would not be problematic as it could be widely ranged. Hydrogel films would respond to stimuli with high volume change. However, surface-attached hydrogel films with stimuli-responsive properties are still scarcely investigated. It is most likely due to a lack of common strategy for synthesis of hydrogel films with well-controlled chemistry.
Actually, hydrogel films can be synthesized by polymerizing and crosslinking monomers by radical polymerization as for synthetic hydrogel materials. If molds (usually two substrates separated by spacers) 12 confining the reaction mixture (monomers, crosslinkers and initiators) are required, submicrometer-thick hydrogel films are unfeasible. In addition, the radical polymerization must be performed under controlled atmosphere to avoid oxygen. It results that 4 the synthesis of hydrogel films at surface is very sensitive (to oxygen) due to a high surface to volume ratio. A way to overcome this difficulty is to preform functionalized polymers first and then simultaneously crosslink and graft chains to the surface. A few articles from Toomey et al. [13] [14] [15] [16] and Kuckling et al. [17] [18] [19] [20] have reported temperature-induced phase transition of poly(Nisopropylacrylamide) (PNIPAM) hydrogel films. Both groups cautiously synthesized surfaceattached network films using photo-reactive PNIPAM. In detail, Kuckling used dimethylmaleimide groups as photo-crosslinkers and Toomey preferred benzophenone groups.
We propose another approach on the phase transition of surface-attached PNIPAM films and a new strategy of synthesis. In particular, we are interested in the swelling-collapse properties of PNIPAM hydrogel films on a large range of submicrometric thickness, which would help to determine the extent of the effect of surface attachment and confinement. This focus is important for some applications in which nanometric layers are involved as well as for other functional coatings with micrometric sizes. Another point concerns the synthesis of polymer network films.
We propose a simple and versatile strategy based on thiol-ene click chemistry to crosslink polymer chains. Thiol-ene reaction 21 chosen here can be activated by thermal heating, which is supposed to guarantee a homogeneous distribution of crosslinks in the whole hydrogel film.
In this article, surface-attached PNIPAM network films are synthesized on a wide range of thickness from nanometer to micrometers. The temperature-induced phase transition is investigated using ellipsometry, neutron reflectivity and atomic force microscopy as complementary surface probing techniques. The effect of confinement and constraints (due to surface attachment) on the swelling-collapse phase transition of the polymer network films is investigated by two aspects: the one-dimensional swelling in the direction normal to the substrate and the in-plane observation of the free surface of the hydrogel. Ellipsometry allows the 5 determination of the (average) swelling ratio. The range of thickness measured by ellipsometry is supposed to vary from nanometer to a few micrometers. From neutron reflectivity experiments, density profiles are deduced, providing the film thickness and the free interface width. The thickness range easily reachable is roughly from 1 nm (the limit is given by the range of wave vector) to 150 nm (the limit is given by the resolution of wave vector). The lateral (or in-plane) exploration of the free surface of the hydrogel films is achieved using AFM. The topography and the roughness of the free surface are confronted with the free interface width. It helps to estimate how diffuse (or smooth) is the free interface.
EXPERIMENTAL SECTION
Synthesis of P(NIPAM-co-AA) copolymer. Chemical products purchased in Sigma-Aldrich were used as received without any further purification (the purity ratio is more than 98% for all products Ene-functionalization of P(NIPAM-co-AA) copolymer. The P(NIPAM-co-AA) copolymer is ene-functionalized by allylamine in Milli-Q water at room temperature in the presence of EDC/NHS couple. The molar ratio AA/allylamine/EDC/NHS is set equal to 1/2/2/2. After 5.4 g P(AA-co-NIPAM) (0.049 mol, if the ratio of AA in the copolymer is 5%) is dissolved in 150 ml water, EDC/NHS couple is added into the solution under stirring. The solution with a pH 7 adjusted to 4.5 is left under stirring for 2h. The acidic conditions promote the protonation of EDC, facilitating the coupling reaction. Then, the aqueous solution of allylamine is added to the medium, associated with the adjustment of the pH to 10 with NaOH, for the formation of the targeted amide bond through the nucleophilic attack of allylamine onto the carboxylic acid. The reaction is allowed to proceed for 24 hours. The final solution is dialyzed firstly in 0.1 mol/L NaCl solution (to remove the unreacted EDC/NHS) for 4 days, and then in Milli-Q water for 4 days, solvent being changed twice a day. Finally the polymer is recovered by freeze-drying. Ellipsometry. To measure the thickness, a spectroscopic ellipsometer Nanofilm EP3 (Accurion GmbH, Germany) was used with the wavelength ranging from 360 nm to 1000 nm. The resolution of  and  ellipsometric angles is 0.001°. For the measurements in air, we used the model with two layers between two semi-infinite media which are the silicon substrate 9 (refractive index equal to 3.87) and the ambient air (refractive index equal to 1). The first layer comprises silica and silane (refractive index equal to 1.46) which the thickness was determined before anchoring the hydrogel film. The second layer is the PNIPAM hydrogel film which thickness is measured with the refractive index of PNIPAM equal to 1.52. If we take in account that water content in PNIPAM film is 10% in air (water content lower than 10% was measured for humidity ratio between 20% and 60%), the refractive index of PNIPAM gel is 1.50.
Thiol
In fact, the water content is weak so that the thickness of PNIPAM gel film in air can be considered as the thickness of dry film. In situ measurements in water are performed using a liquid cell with thin glass walls fixed perpendicularly to the light path and the angle of incidence is fixed at 60°. The liquid cell is temperature-controllable with a regulation within ± 0.1°C. The 
RESULTS AND DISCUSSION

Preparation of PNIPAM network films
Surface-attached polymer network films with well-controlled chemistry were prepared by using a simple and versatile approach based on click chemistry. Thiol-ene click reaction was chosen to simultaneously crosslink preformed polymer chains and graft them to surface. The preformed ene-reactive PNIPAM chains provide the temperature-responsive properties of the hydrogel films. Surface-attached hydrogel films are obtained by coating reactive polymer with dithiol crosslinkers on thiol-modified substrate ( Figure 1 ). Thiol-ene reaction was selected for many reasons. It is advantageously performed without any added initiator and can be activated by thermal heating. The thermal activation rather than UV irradiation is supposed to guarantee homogeneous distribution of polymer crosslinks in the whole network film whatever the thickness. Many thiol molecules are commercially available for polymer crosslinking and surface functionalization. Dithiol (here dithioerythritol) was used as crosslinkers and mercaptosilane (here mercaptopropyltrimethoxysilane) as surface modifiers. Ene-reactive PNIPAM can be synthesized without difficulty and carefully characterized before coating. The synthesis of enereactive PNIPAM is carried out in two steps: (i) free radical polymerization of acrylic acid (AA) and N-isopropylacrylamide (NIPAM) and (ii) ene-functionalization of the copopolymer by amide formation using allylamine. The first stage is the free radical copolymerization of AA and NIPAM using ammonium persulfate/sodium metabisulfite redox couple as initiator. The molecular weight of polymer chains is ruled by the concentration of the reducing agent as shown by Bokias et al. 23 Free radical polymerization is the best option as facile polymerization technique because the control of the molecular weight distribution is not required as polymer chains are aimed to be crosslinked. The second step is the ene-functionalization of P(AA-co-NIPAM) by grafting allylamine in the presence of EDC/NHS couple, EDC being the dehydration agent and NHS the addition agent used to increase yields and decrease side reactions. 24 
Temperature-induced phase transition
The temperature-induced phase transition of surface-attached PNIPAM hydrogel films was investigated by measuring the thickness of the hydrogel films in water at various temperatures ( Figure 3 ). The swelling ratio is defined as the thickness of hydrogel film in water (swollen thickness) to that in air (dry thickness). The data are obtained with hydrogel films which are supposed to have same crosslinks density. This assumption seems reliable as the synthesis of hydrogel films is performed with the same reactive PNIPAM (2% ene-functionalized) and same excess of dithioerythritol cross-linkers (30 times the ene-reactive groups). If same experimental conditions were used except the thickness, hydrogel films can be supposed to be the same chemically. The crosslinking is likely uniform without any gradient in the direction normal to the surface as ene-functionalized polymers and dithiol-crosslinkers are homogeneously mixed before spin-coating. It is not possible to determine the crosslinks density, and specially the crosslinking gradient, by spectroscopic surface probing techniques such as X-ray Photoelectron Spectroscopy
(XPS) or Infrared Spectroscopy in Attenuated Total Reflection (FTIR-ATR). As XPS technique
can only probe nanometric layers (the standard penetration depth is about 5 nm), it cannot provide the chemical composition of the whole hydrogel films. FTIR-ATR method with micrometric penetration depth could be more appropriate. Unfortunately, the crosslinks ratio is too weak to be quantified by ATR, the maximum being 2% (which corresponds to the ratio of ene-reactive groups determined by 1 H NMR). Anyway, the absorption peak which is characteristics of thiol-ene reaction (S-C bonds) is positioned about 700 cm -1 , i.e. in the wave number range of high absorbance of the silicon waveguide (below 1600 cm -1 ). In fact, the measure of the thickness in the swollen state is a way to control the synthesis of hydrogel films since it is related to the crosslinks density. The swelling ratio is higher for weaker crosslinks density.
Unlike macroscopic polymer networks, surface-attached hydrogel films are expected to swell in one direction normal to the substrate (the dimension of the lateral surface is infinite compared to the perpendicular direction). As shown by Toomey et al. 13 the linear swelling of surface-attached hydrogels can be simply described by Flory-Rehner theory 25 for the swelling of hydrogels extended to one dimension. The degree of swelling in surface-attached network is a power law of the degree of swelling in the free network with the exponent 5/9, and not 1/3. They determined the swelling ratio (or linear degree of swelling) as function of the proportion of the photocrosslinkable units from 0.5% to 14.3% for 100 nm-thick films. We found a swelling ratio of 4 found with 2% ene-functionalized polymer. The same value of 4 was found by Toomey et al.
with 2% of photo-crosslinkable units. It means that thiol-ene chemistry and photo-crosslinking strategy provide same crosslinks density of surface-attached PNIPAM hydrogel films, which is 2% at the maximum. The swelling ratio of 4 obtained at ambient temperature (below the LCST of PNIPAM) is independent of the thickness in the whole range from 100 nm to 1 m, indicating that the crosslinks density is probably identical for all these submicrometer PNIPAM films. The sharp transition was also found for PNIPAM hydrogels synthesized from different molecular weight, as shown in Figure 4 . Surface-attached hydrogels of similar thickness around 90 nm Figure 3 , the amplitude of the transition is slightly different. The swelling ratio for collapsed hydrogels at high temperature above the LCST is around 1.5 (0.2), which is similar to the value found for thicker films as shown in Figure 3 . The difference is the swelling ratio at ambient temperature which is lower than 4. If PNIPAM hydrogel films swell less while they are supposed to have the same crosslinks density, it could be explained by the effect of the surface attachment, as demonstrated in the next part.
Density profile determined by neutron reflectivity
Ultra-thin films below 150 nm were investigated by neutron reflectivity. The thickness range easily reachable is roughly from 1 nm to 150 nm. The inferior limit is fixed by the range of wave vector and the superior limit by the resolution of wave vector. Also, we chose neutron reflectivity technique to characterize PNIPAM hydrogel films which thickness in air (respectively in water) varies from 6.7 nm to 36.4 nm (respectively up to 110 nm). Neutron reflectivity allows the determination of the density profile, i.e. the thickness and the width of the free surface of the hydrogel film. Figure 5 shows the experimental reflectivity curves and their best fitting as well as the corresponding density profiles of PNIPAM hydrogel films at various temperatures. Temperatures are fixed at 25°C (below the LCST), 34°C (within the transition range) and 40°C (above the LCST). As temperature increases, the reflectivity curve displays more obvious Kiessig fringes, suggesting that corresponding density profile is sharper. Experimental data can be satisfactorily 20 fitted with a model of one layer for PNIPAM film (a model of two or more layers do not allow the improvement of the fitting). It should be noticed that it changes from the study of polymer brushes by neutron reflectivity where the data fitting requires model with several layers for the smooth density profile of polymer brushes. [26] [27] [28] [29] [30] [31] [32] In Figure 5 with the density profiles, it can be observed that the thickness of PNIPAM hydrogel decreases with temperature, which is consistent with the temperature-induced phase transition. The average volume fraction is close to 0.3, which corresponds to a swelling ratio of 3 for the swollen hydrogel at 25°C. The volume fraction is a little higher than 0.6, indicating a water content of about 30% in the collapsed hydrogel at 40°C. The density profiles are comparable to those obtained by Toomey et al. on 25 nm-thick PNIPAM hydrogel. 14 Moreover, it should be noticed that the free interface width of of the hydrogel decreases with temperature. It is observed for surface-attached PNIPAM hydrogel films of any thickness. Reflectivity curves and density profiles of PNIPAM films with thickness in air equal to 7 nm and 12 nm are displayed in Supporting Information. All the parameters extracted from the fitting of neutron reflectivity curves which are characteristics of PNIPAM hydrogel layers (thickness in air and in water, volume fraction, interface width…) are additionally compiled in Supporting Information.
The same tendency described above is noted for the three hydrogel samples no matter the thickness: decrease of the thickness in water with temperature, swelling ratio between 2.5 and 3
for the swollen hydrogel at 25°C, water content of about 30% in the collapsed hydrogel at 40°C.
For experiments in air, the interface width  increases with the hydrogel thickness h but if it is normalized by the thickness, the relative interface width is the same for any thickness and is quite weak (/h < 10%). The relative interface width is higher in water than in air. It varies with temperature and also with film thickness as it is weaker for thicker films. At 25°C, /h decreases 21 from 0.36 (for 6.7 nm-thick film measured in air) to 0.17 (for 36.4 nm-thick film). At 40°C, /h decreases from 0.25 (for 6.7 nm-thick film) to 0.06 (for 36.4 nm-thick film). Surface-attached PNIPAM hydrogels look like more diffuse at the free surface when they are in the swollen state below the LCST than in the collapsed state above the LCST. This point is discussed in detail in the next part. Hydrogel films more diffuse than rough
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1.E+00 PNIPAM coatings. 16 They analyzed blisterlike or foldlike (also called sulci) instabilities resulting from the free surface buckling when surface-attached hydrogel films synthesized in dry state were exposed to solvent. Actually, in-plane swelling is frustrated in constrained hydrogel films.
As the swelling occurs perpendicularly to the constraining surface but not laterally, in-plane 23 compressive stress is generated. Under sufficient stress, the free surface becomes unstable and deforms out of plane. They demonstrated that the characteristics of the instabilities such as the wavelength, the width and the amplitude increase with the film thickness. For example, they found amplitude of 10 nm for 250 nm-thick PNIPAM film exposed to water, which is a little higher than our roughness value (5 nm). Indeed, the morphology shown in Figure 6 is similar to that obtained by Toomey et al. for thinner films. The difference is probably due to the synthesis of surface-attached PNIPAM hydrogel films. In our case, the crosslinking of polymer chains and their attachment to the surface are thermally activated instead of photo-activation. The annealing occurs at high temperature (120°C) so that the crosslinking is homogenously distributed in the whole film. In contrast, the photo-crosslinkings is performed at ambient temperature in the glassy PNIPAM layer, leading to disparity in crosslinking (or modulus) of the polymer network and promoting surface instabilities. The main characteristics extracted from AFM and neutron reflectivity experiments are summarized in Table 1 . The free interface width  deduced from neutron experiments and the 25 mean roughness  determined by AFM, are compared with normalization to the film thickness h.
The relative roughness /h, is much lower than the relative interface width /h, in any condition and in particular in water a 25°C. Note that /h values shown here for the 36 nm-thick film are the smallest in comparison with those reached with thinner films (6 nm-and 12 nm-thick films).
The gap between /h and /h is the proof that the smoothness of the free surface is not only due to the (in-plane irregularities) roughness but also to the diffusion of the interface. The free surface is the most diffuse when the surface-attached hydrogel is swollen. The diffuse surface might be explained by the presence of pendant chains at the outside edge of the film. The peripheral chains are more likely to penetrate into the aqueous environment (rather than into the network, which is entropically unfavorable) giving rise to a diffuse interface.
Effect of the surface attachment
Ellipsometry and neutron reflectivity allows the determination of the (average) swelling ratio of the hydrogel films in the direction normal to the substrate. The thickness range easily reachable by neutron reflectivity experiments is roughly below 150 nm as the limit is given by the resolution of wave vector. We used ellipsometry to characterize the swelling of hydrogel films which thickness in water ranges roughly from 300 nm to 1500 nm. In this range, the number of oscillations, for  and  ellipsometric angles versus wavelength, is high enough to validate the relevance of experimental data fitting (for ultra-thin hydrogel layers, the oscillations are not obvious and especially in water with very smooth free interface).
In Figure 7 , the swelling ratio of surface-attached PNIPAM hydrogel films is plotted as function of the dry thickness (in air). Data shown for three temperatures (25°C, 34°C and 40°C) were extracted from ellipsometry and neutron reflectivity experiments which combination allows the plot on a large range of thickness from nanometer to micrometer. At 40°C for collapsed gels, the swelling ratio is 1.5 on the whole range of thickness, which was already discussed. Collapsed PNIPAM hydrogel films are not free of water and contain roughly one third of water. At 25°C, the swelling properties of hydrogel films show clearly two regimes with a changeover around 150 nm. For thin films below 150 nm, the swelling ratio increases (from 2.5 to 4) with the film thickness and it is equal to 4 above 150 nm. The same is found at 34°C with lower swelling ratio (from 2 to 3). If the distribution of crosslinks is supposedly homogeneous in the whole hydrogel film for any thickness, it gives evidence that the surface attachment has a strong effect on the swelling of films. Nanometric hydrogel films swell on average less than micrometric layers as a result of the constraint due to the surface attachment. Actually, all concentration profiles measured by neutron reflectivity show a very dense layer next to the surface which is additional to the swollen hydrogel layer (data not shown). However, it is tricky to determine the characteristics of this dense layer with high precision as it is blended with thiol monolayer (of equivalent scattering length density). The additional layer which is required for the data fitting of hydrogel films in water (but no needed for samples in air) is roughly one nanometer-thick. The data reported for 1.2 micrometer-thick films were obtained by using microfluidics technology. Briefly, the thickness of the hydrogel film was deduced from the measurements of the hydrodynamic resistance through microchannels in which surface-attached hydrogels were embedded. Although microfluidics experiments are not the purpose of this article, these measurements are intentionally mentioned to demonstrate that the regime of unvarying swelling is also valid for micrometric films. 
